The Crab Nebula was formed after the collapse of a massive star about a thousand years ago, leaving behind a pulsar that inflates a bubble of ultra-relativistic electron-positron pairs permeated with magnetic field. The observation of brief but bright flares of energetic gamma rays suggests that pairs are accelerated to PeV energies within a few days; such rapid acceleration cannot be driven by shocks. Here, it is argued that the flares may be the smoking gun of magnetic dissipation in the Nebula. Using 2D and 3D particle-in-cell simulations, it is shown that the observations are consistent with relativistic magnetic reconnection, where pairs are subject to strong radiative cooling. The Crab flares may highlight the importance of relativistic magnetic reconnection in astrophysical sources.
I. INTRODUCTION
The Crab Nebula was born soon after the collapse of a massive star followed by a supernova explosion observed on Earth in 1054 AD. In classical models of pulsar wind nebulae 1-5 , a rapidly rotating, highly magnetized neutron star, i.e., a pulsar, is constantly injecting energy into the nebula in the form of a magnetized, cold, and ultra-relativistic wind of electron and positron pairs. The pulsar wind nebula forms where the wind terminates its free expansion, at about 0.1 pc in the Crab, and is confined by the material of the supernova remnant (Figure 1 ). In the Crab Nebula, the pairs are randomized and radiate synchrotron radiation from radio to 100 MeV gamma-rays and inverse Compton emission from 1 GeV to about 100 TeV by upscattering the low-energy background light 6, 7 . In September 2010, the gamma-ray space telescopes Agile and Fermi-LAT reported the first detections of very bright flares of high-energy gamma rays (> 100 MeV) from the Crab Nebula [8] [9] [10] . This was a huge surprise for both teams because the nebula was a well-known constant emitter of gamma rays, so constant in fact that this source is used for instrumental calibration purposes. Since the discovery of the first flares, one flare every year or so appears in the gamma-ray sky: April 2011, July 2012, March 2013, and October 2013 5, [11] [12] [13] [14] [15] . Outside of these remarkable episodes, the gamma-ray flux remains constantly variable 12 , although with a much smaller am- plitude, suggesting that the mechanism at the origin of the flares may be happening continuously in the nebula.
A closer look at the flares reveals an even richer, but also more puzzling picture. The first striking feature of the flares is their duration: typically lasting for a few days to a couple of weeks. If one assumes that the flaring emitting region is causally connected, this implies an emitter of size ct flare ∼ 10 16 cm, where c is the velocity of light and t flare = 1 week, which represents roughly 1% of the size of the nebula that radiates ∼ 10 times more flux than the entire system. During the brightest flares, one can even resolve intra-day variability timescales 10, 12, 14 . There is a consensus that the observed gamma-ray emission is synchrotron radiation (however, see Ref. 16 ), because this is the most efficient radiative process under the physical conditions found in the nebula. Hence, the particles at the origin of the flares are PeV (10 15 eV) electrons (and positrons) immersed in a milliGauss magnetic field, much stronger than the ∼ 100 µG field usually expected 7 . It turns out that such particles have a relativistic gyration time of order the duration of the flares themselves. In other words, the pairs must be accelerated and radiating over a sub-Larmor timescale. This causes serious challenges to classical models of particle acceleration, such as diffuse shock-acceleration, where the particles gain energy over several Larmor cycles. In addition, the gamma-ray spectrum and the non-detection of the flare at other wavelengths 17 (in radio, infra-red, optical, X-rays) point towards a very narrow particle spectrum, perhaps even mono-energetic. This is another argument against particle acceleration via shock-acceleration.
The last challenging aspect of the flares, and arguably the most spectacular one, is the emission of synchrotron photons with an energy up to 400 MeV, i.e., well above the standard ǫ max = 160 MeV synchrotron burn-off limit 18, 19 . This limit is set by the balance between the accelerating electric force acting on an electron or positron, F e = eE, where e is the charge of the electron and E the electric field, and the radiation reaction force induced by the emission of synchrotron radiation, F rad ≈ 2/3r (see Section II), where r e = 2.82 × 10 −13 cm is the classical radius of the electron, γ is the Lorentz factor of the particle and B ⊥ is the magnetic field strength perpendicular to the particle's velocity vector. Setting F e = F rad gives the maximum Lorentz factor reached by the particle, i.e.,
Using Eq. (1), the critical synchrotron photon energy
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(i.e., where the synchrotron spectrum of a single particle peaks) emitted by the radiation-reaction-limited particles then equals
where h is the Planck constant, m e the mass of the electron, and α F ≈ 1/137 is the fine structure constant. Hence, the maximum synchrotron photon energy depends only on the ratio E/B ⊥ . Under ideal magnetohydrodynamic (MHD) conditions, E is smaller, or at most equal to B ⊥ , hence the 160 MeV limit.
To remain below this limit in the rest frame of the source, the flaring region must be moving towards the observer with a bulk velocity > 0.9c to explain the 400 MeV synchrotron photons in the Crab flares. Most models of the flares proposed so far rely on this assumption [21] [22] [23] [24] [25] [26] . However, the measurements of proper motions in optical and in X-rays 27 show only mildly relativistic speeds in the nebula, up to 0.5c. The alternative point of view developed by the authors in a series of papers 28-31 supposes that particle acceleration does occur in a region where ideal MHD breaks down, i.e., where E > ∼ 2B ⊥ . This situation is naturally encountered in sites of magnetic reconnection 32, 33 , within the diffusion region where the magnetic field decreases and changes direction, and where the electric field is maximum. As reviewed below (Section III), the magnetic reconnection scenario is able to account for all the challenging aspects of the flares, and points towards a magnetized model of the Crab Nebula, i.e., with a low plasma-β, or with a high magnetization parameter σ (ratio between the magnetic to particle enthalpy densities).
II. INTRODUCING ZELTRON: A NEW PIC CODE WITH RADIATIVE FEEDBACK
Particle-in-cell (PIC) simulations are well-suited for studying ultra-relativistic collisionless pair plasma reconnection. However, only a few codes 34, 35 take into account the effect of the radiation reaction force on the motion of FIG. 1. This diagram sketches the classical (1D) model of pulsar wind nebulae in which the pulsar inflates a relativistic and magnetized wind of e ± pairs. The pulsar wind nebula forms between the termination shock of the wind and the contact discontinuity with the ambient medium, here the material from the supernova remnant. As argued in this paper, magnetic reconnection within the nebula could explain the gamma-ray flares observed in the Crab Nebula.
the particles, an effect of critical importance in modeling the Crab flares (Section I). Zeltron is a new PIC code that does have this ability, and was specifically developed from scratch for studying the Crab flare puzzle 30 . Hence, instead of the Lorentz-Newton equation, the code solves the so-called "Abraham-Lorentz-Dirac" equation 36 for the motion of the particles. In a non-covariant form, this equation is given by
where v = β e c is the velocity of the particle,
is the usual Lorentz force, and g is the synchrotron radiation reaction force. Computing g can be quite challenging in the general case, but in the ultra-relativistic limit (β e ≈ 1, γ ≫ 1) and in the classical electrodynamic regime, i.e., if γB/B QED ≪ 1, where B QED = 4.4 × 10 13 G, the radiation reaction force has a remarkably simple formulation:
i.e., it is analogous to a friction force in classical mechanics. The implementation of the radiation reaction force in Zeltron follows the modified version of the classical finite-difference time-domain (FDTD) Boris algorithm proposed by Tamburini The current and charge densities are then deduced at the grid points from the position and the velocity of the particles. Finally, Maxwell's equations are advanced in time using the FDTD Yee algorithm 37 . The code is efficiently parallelized in three dimensions with the message passing interface MPI using a domain decomposition technique.
III. SIMULATING THE FLARES
This section summarizes the main results of a series of 2D and 3D PIC simulations performed with Zeltron of relativistic pair plasma reconnection with radiation reaction force in the Crab Nebula.
A. 2D and 3D PIC simulations
The computational domain is a square of dimension L x ×L y in 2D, and a cube of dimension L x ×L y ×L z in 3D with periodic boundary conditions in all directions. All the simulations are initialized with the relativistic Harris equilibrium 38 , i.e., a kinetic equilibrium where the gas pressure within the reconnection layer balances the upstream reconnecting magnetic pressure. To comply with the periodic boundary conditions, the box contains two anti-parallel layers of half-thickness δ. The reconnecting magnetic field is along the ±x-directions, B x , and reverses across each layer at y = 0.25L y /4 and y = 0.75L y . The reconnecting field far upstream, B 0 , is set at 5 mG, so that γ rad ≈ 1.3 × 10 9 [for E = B ⊥ in Eq. (1)]. The guide field is along the z-direction and is a free parameter of the simulation.
The initial current flowing within each layer along the z-direction is carried by a population of "drifting" pairs moving at a mildly relativistic bulk velocity v drift = 0.6c. Another pair plasma is injected uniformly throughout the box with a density 10 times smaller than the drifting plasma density found in the layers (n bg = 0.1n 0 ). Both plasmas are injected with a relativistic Maxwellian distribution with a temperature θ 0 ≡ kT 0 /m e c 2 = 10 8 . The magnetization parameter defined in Section I is then σ ≡ B In 2D, the thin reconnection layers quickly become unstable to tearing modes. As a result, the layers break up into chains of plasmoids separated by X-points where magnetic field lines reconnect. The strong magnetic tension released at X-points pushes the plasma along the ±x-direction, and drives the merging of plasmoids into bigger ones. As shown in the next section (Section III B), the particles are accelerated beyond γ rad [Eq. (1)] by the reconnection electric field at X-points, where E ≫ B ⊥ . In 3D, the layers are tearing and kink unstable. The tearing creates a network of magnetic flux ropes, similar to plasmoids in 2D, separated by X-lines. In the zero-guide field case, the kink instability deforms the layers along the z-direction and eventually leads to their disruption with particle heating instead of non-thermal particle acceleration. However, a moderate guide field, B z > ∼ 0.5B 0 , is enough to suppress the deformation of the layer without changing significantly the growth rates of the fastest tearing modes 31, 39 . In this case, nonthermal particle acceleration can operate along the Xlines, as in 2D, and the highest-energy particles are accelerated above the standard radiation reaction limit and emit > 160 MeV synchrotron radiation (Figure 2 , dashed lines).
B. Extreme particle acceleration mechanism
Zeltron can track a large sub-sample of macroparticles throughout the simulation, which enables one to follow a statistically significant number of the highestenergy particles in the simulation. The analysis of the high-energy particle orbits reveals a very repeatable and simple pattern in the acceleration process, both in 2D and 3D PIC simulations. First, almost all of the highestenergy particles are not inside the reconnection layer initially, but far upstream. As reconnection proceeds in the plasmoid-dominated regime, particles stay in the xyplane and drift towards the X-points, in general with no energy gain [phase 1, Figure 3 panel (b) ].
However, as soon as the particles reach the Xpoints/X-lines, they become trapped in the direction across the layer by the reversing magnetic field and follow the relativistic analog of a Speiser orbit 40 [phase 2, Figure 3 panel (b) ]. In this phase, the energy of the particles increases almost linearly with time because they experience the strong, quasi-uniform reconnection electric force along the z-direction. The distance between the particle and the layer mid-plane decreases rapidly with time, in agreement with (semi-)analytical expectations [28] [29] [30] [ Figure 3, panel (a) ]. This feature of Speiser orbits is fundamental for particle acceleration above the standard γ rad [Eq. (1)], because it enables the particles to reach regions of very low magnetic field with E ≫ B ⊥ , and hence little radiation reaction force.
At this stage the particles are extremely energetic, with γ > γ rad , but they are not radiating. To emit synchrotron photons above 160 MeV, the particles must return into a region of strong magnetic field, where E ≪ B ⊥ . In the simulation, this happens when the particles reach the final big magnetic island [phase 3, Figure 3 panel (b)]. The particles are then losing almost all their energy within a fraction of a full Larmor gyration in the form of a short pulse of > 160 MeV radiation. Particles are deflected away from the X-lines sooner if a guide field is present. Hence, a strong guide field (B z > ∼ B 0 ) suppresses the extreme particle acceleration mechanism described here and the associated emission of super-energetic synchrotron photons.
C. Anisotropy, bunching, and radiative signatures A direct consequence of particle acceleration via relativistic reconnection is spatial bunching of the energetic particles around X-points/X-lines (the acceleration regions) and within magnetic islands/flux ropes (the regions that collect the reconnection outflow and the energetic particles). Figure 4 shows the positions of a sample of tracked high-energy particles with γ > 3 × 10 8 (white circles) in a 3D reconnection simulation of size L x = L y = L z = 200ρ 0 , in the presence of a moderate guide field B z = 0.5B 0 , superimposed on the plasma density integrated along the z-direction (color-coded) towards the end of the simulation. Hence, reconnection transfers and concentrates the reconnecting magnetic energy initially distributed throughout the box into particles distributed over a much smaller volume. This result has important implications in astronomy 41, 42 , and in particular for the Crab flares 30, 31 , because one usually estimates the required energetics from the size of the emitting regions. Particle bunching allows one to relax FIG. 3. Single particle trajectory accelerated above the standard radiation reaction limit energy [Eq. (1)] by the reconnection electric field along X-points/X-lines. The orbit in panel (a) was obtained using a test particle simulation with radiation reaction force and with prescribed static fields 29 .
Panel (b)/(c) show the orbit of a tracked macroparticle in a 2D
30 /3D 31 PIC simulation with radiation reaction force. Panel (b) presents the three distinct phases of particle acceleration and emission highlighted in the text and in Ref. 30 , namely: (1) the drifting phase, (2) the linear acceleration phase, and (3) the phase where the particle escapes and emits > 160 MeV synchrotron radiation.
the energetic constraints because the reservoir of free energy (here the box size, L x ) can be much larger than the size of the emitting regions themselves (size of the plasmoids/flux ropes, here < ∼ 0.1L x ). Another crucial by-product of relativistic reconnection is the strong energy-dependent anisotropy of the parti- cle velocities, the highest energy particles being the most focused. In addition, any anisotropy in the particle distribution translates into beaming of the emitted radiation, because relativistic particles emit photons along their direction of motion within a cone of semi-aperture angle 1/γ ≪ 1. Figure 5 presents the angular spread of the optically thin synchrotron radiation emitted throughout the box, in 4 photon energy bands: 0.1, 1, 10, and 100 MeV. The angular distributions are shown with respect to the angles φ and λ such that a spherical radial unit vector is defined as (cos φ sin λ, sin φ, cos φ cos λ) in the (xyz)-coordinate system. While the low energy radiation (0.1 MeV) is mostly isotropic, the highest energy radiation, of interest for the Crab flares (> 100 MeV), is focused into two narrow beams concentrated at λ ≈ ±50-60 • , which approximately corresponds to the direction of the upstream magnetic field line with a 0.5B 0 guide field. In the zero-guide field case, the beam points toward λ ≈ ±90
• (Refs. 30 and 41) . In addition to bunching, the beaming of the > 100 MeV synchrotron radiation diminishes the energy budget required to explain the apparent isotropic gamma-ray luminosity observed during the Crab flares.
Each bunch of energetic particles produces a beam that moves rapidly within the reconnection layer. Each time a beam crosses the observer's line of sight, there is an intense flux of > 160 MeV synchrotron emission that lasts for about the light-crossing time of the bunch, corresponding to about 6-8 hours in the simulations 30, 31 . This timescale is compatible with the shortest variability timescale measured by Fermi during the brightest gamma-ray flares in the Crab 12, 14 , while the overall duration of the flare is well explained by the global reconnection time, of order L x /(β rec c) ∼ 10 days, where β rec ∼ 0.2-0.3 is the dimensionless reconnection rate mea- 
IV. SUMMARY AND IMPLICATIONS
The magnetic reconnection scenario addresses successfully several of the key features of the observed gammaray flares in the Crab Nebula. The most important result is the unambiguous discovery of particle acceleration above the standard radiation reaction limit, and the emission of > 160 MeV synchrotron radiation in 2D and 3D PIC simulations of pair plasma reconnection with radiation reaction force. The acceleration mechanism is very robust and operates at X-points/X-lines where the particles follow relativistic Speiser orbits and are accelerated linearly by the reconnection electric field, where
A direct by-product of this overall acceleration process is the strong anisotropy of the energetic particles and radiation, the highest energy particles/radiation being the most beamed. This result has very important consequences for astronomers because the observed flux and the occurrence of each flare should depend on the orientation of the reconnection layer with respect to the observer. In addition, strong beaming helps to reduce the tight energetic constraints imposed by the flare, in particular for the highest energy radiation. Another implication of particle acceleration via reconnection is the spatial bunching of the energetic particles into the magnetic islands/flux ropes. Here again, this effect helps to alleviate the energetic constraints because the emitting regions (magnetic islands/flux ropes) can be much smaller than the system size where the reservoir of free energy, i.e., the magnetic energy, is initially present. The combination of particle bunching and beaming allows for rapid changes in time of the gamma-ray flux if the beam points towards Earth. Other features of the flares (not discussed here) can be well reproduced with this model as well, such as the spectral shape, the flux-energy correlation, and the power spectrum 30 . The reconnection scenario supposes that the nebula is, at least, mildly magnetized with σ > ∼ 1, contrary to classical models 1,2 . It turns out that recent relativistic MHD simulations of the Crab Nebula show that such a magnetically dominated nebula is permitted 43, 44 , because kink-like instabilities diminish the magnetic hoop stress on the nebula, and hence preserve the morphology of the nebula even at high-σ (Ref. 45). The dissipation of the magnetic energy should be done in situ, possibly via magnetic reconnection throughout the nebula provided that the kink instability (or other process) is efficient at creating current sheets. Reconnection may then be the primary particle acceleration process in the nebula since diffuse shock-acceleration is quenched for high-σ. The gamma-ray flares could be the smoking gun of the most spectacular episodes of magnetic dissipation in the nebula, analogous to saw-tooth crashes in tokamaks, and perhaps the first strong evidence of relativistic magnetic reconnection outside the Solar System.
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